Macrophage stimulating protein (MSP), which is secreted as biologically inactive pro-MSP, is activated to MSP by cleavage at a single peptide bond. Our objectives were to determine the form of MSP in circulating blood and to study proteolytic activation of pro-MSP by its target cell. Western blot of immunoaffinity-purified serum MSP showed that all the protein was pro-MSP, without detectable MSP. The circulating form of the protein is therefore pro-MSP, and conversion to MSP does not occur when blood is shed. Incubation of radiolabeled pro-MSP with murine peritoneal macrophages caused proteolytic cleavage to predominantly inactive fragments. Among several protease inhibitors, soybean trypsin inhibitor was one of two that inhibited nonspecific cleavage and revealed a macrophage activity that cleaved pro-MSP to biologically active MSP. Mouse or human serum also inhibited macrophage proteolysis of pro-MSP, and certain concentrations enhanced cleavage to mature MSP. Macrophage membranes had nonspecific and specific pro-MSP proteolytic activity, which was not present in macrophage culture fluids. The results suggest that control of MSP activity can occur at the level of the target cell by proteolytic cleavage of pro-MSP to mature MSP or to inactive fragments. ( J. Clin. Invest. 1996. 97:720-727.)
Introduction
Macrophage stimulating protein (MSP) 1 was originally identified as a serum protein that stimulates murine peritoneal resident macrophages to make a chemotactic response to C5a (1, 2) . MSP also acts directly as a chemoattractant for resident macrophages (3) , alters the morphology of adherent macrophages (1), stimulates macrophage ingestion of C3bi-coated erythrocytes (4) , and inhibits expression of inducible nitric oxide synthase mRNA in endotoxin-or cytokine-stimulated macrophages (5) .
We purified and partially sequenced human plasma MSP (4) and cloned an MSP cDNA from a hepatocarcinoma cell line, Hep G2 (6) . Human plasma MSP is a disulfide-linked heterodimer consisting of an ␣ and ␤ chain with molecular masses (not including N-linked carbohydrate) of 53 and 25 kD, respectively. It is a member of a family of proteins characterized by multiple copies in the ␣ chain of a highly conserved triple disulfide loop structure (kringle). The family includes plasminogen (7), prothrombin (8) , urokinase (9) , and hepatocyte growth factor/scatter factor (10, 11) . The gene for MSP was discovered independently (12) by screening a human genomic DNA library with a probe coding for a kringle of prothrombin. The kringle proteins are secreted as precursors, which have no biological activity until the single protein chain is cleaved into ␣ and ␤ chains by specific serine proteases at an Arg-X bond (13) , in which X is most frequently Val. The ␣ -␤ chain junction of MSP is also Arg-Val. The ␤ chain of MSP is homologous to the ␤ chain catalytic domain of the serine protease members of the kringle family. However, MSP and hepatocyte growth factor/scatter factor are thought to be devoid of proteolytic activity because of amino acid substitutions of the three ␤ chain protease active site residues, His, Asp, and Ser.
We recently showed that the human ron gene product, a trans -membrane protein tyrosine kinase (14) , is a cell surface receptor for MSP (15) . ron was cloned from a keratinocyte cell line library (14) . Radiolabeled MSP specifically binds to Madin-Darby canine kidney epithelial cells transfected with ron cDNA (15) and to several human keratinocyte cell lines (unpublished data). Stimulation by MSP of ron cDNA-transfected cells rapidly induced phosphorylation of the RON ␤ chain (15) . In cells expressing RON, MSP caused migration (15) , shape change, or growth, depending on the cell type (unpublished data). Establishment of RON as the MSP receptor has also been independently reported (16) . In view of its effects on macrophages and keratinocytes, MSP may play a role in inflammation, wound healing, and cell transformation.
One approach to understanding the biology of MSP is to identify the enzymes that can cleave pro-MSP to active MSP. Northern blotting of human tissue RNAs showed that liver is the major locus of MSP mRNA (6) . We postulated that, in analogy to certain other kringle proteins, the liver secretes biologically inactive pro-MSP into the circulating blood. Inasmuch as human serum has MSP biological activity (1, 2) , it appeared that pro-MSP was cleaved to MSP by one or more enzymes of the coagulation cascade. This idea was supported by the fact that pure serum kallikrein and Factors XIIa and XIa all cleaved pro-MSP to the biologically active ␣ր␤ chain heterodimer (17) .
However, we now show that, in contrast with the activities of pure coagulation enzymes, freshly shed venous blood 1 . Abbreviations used in this paper : AEBSF, 4-(2-aminoethyl)-benzenesulfonylfluoride; CHO, Chinese hamster ovary; Con A, concanavalin A; I ␣ TI, inter-␣ -trypsin inhibitor; MSP, macrophage-stimulating protein (also called hepatocyte growth factor-like protein); STI, soybean trypsin inhibitor; uPA, urokinase-type plasminogen activator.
does not cleave pro-MSP, and the protein in serum or EDTA plasma is pro-MSP, not MSP. In an interesting example of activating enzyme localization, we find that stimulation of macrophages in vitro by pro-MSP is due to proteolytic conversion to MSP by an enzyme on the plasma membrane of the target cell.
Methods
Reagents. Human plasma mature MSP was purified as previously described (4 Cells. Peritoneal resident macrophages were obtained from C3H/ HeN mice by lavage of the peritoneal cavity with RPMI 1640 medium (4). Con A-elicited macrophages were collected from mice that received an intraperitoneal injection of 1 ml of Con A solution (40 g in 0.15 M NaCl) 18 h before harvest. All cell cultures were maintained at 37 Њ C in a humidified incubator containing 5% CO 2 in air.
Labeling of human pro-MSP or MSP with 125 I. 10 g of pure recombinant human pro-MSP or plasma MSP in 30 l of 0.1 M borate buffer, pH 8.5, was added to 250 Ci of 125 I-labeled Bolton-Hunter reagent (19) and equilibrated on ice for 60 min. The reaction was terminated by addition of 300 l of borate buffer containing 0.5 M glycine. After 10 min on ice, the reaction mixture was applied to a desalting column (Excellulose GF-5; Pierce, Rockford, IL) that had been equilibrated with PBS containing 0.25% gelatin. The iodinated protein was eluted with 1 ml of PBS-gelatin buffer and counted in gamma counter (Gamma 5500; Beckman Instruments, Inc., Fullerton, CA). The specific activity of the labeled MSP was ‫ف‬ 400 Ci/mmol.
Preparation of 35 S-pro-MSP. Clone CHO-MSP18, a cell line selected for high secretion of pro-MSP, was obtained by transfection of Chinese hamster ovary (CHO) cells with MSP cDNA (6) inserted into mammalian expression vector pcDNA-3 (Invitrogen Corp., San Diego, CA). Cells were cultured in serum-and cysteine-free DMEM with 100 Ci [ 35 S]cysteine for 56 h. Concentration of pro-MSP was measured by ELISA after treatment with kallikrein (17) .
Partial purification of serum pro-MSP. Monoclonal IgG anti-MSP covalently bound to Sepharose was prepared as previously described (4) and packed into minicolumns (20) to make bed volumes of 200 l. A 0.5-ml aliquot of human serum, obtained from venous blood that clotted in glass tubes at 22 Њ C over a 90-min period, was applied to an anti-MSP column; after the column was washed with PBS to remove unabsorbed protein, pro-MSP was eluted with 0.1 M glycine buffer, pH 2.5, containing 50 g/ml cytochrome c . The eluate was concentrated on an ultrafilter (Centricon 10; Amicon Corp., Danvers, MA) to a volume of ‫ف‬ 50 l.
Measurement of capacity of fresh venous blood to cleave
125 I-pro-MSP. 10-l volumes of 125 I-pro-MSP were added to 1.5-ml polypropylene tubes, with or without EDTA or heparin anticoagulant. 1-ml volumes of venous blood were allowed to drip directly from the venipuncture tubing into the polypropylene tubes. After the time required for clotting, serum or plasma was collected. Proteins of 1:10 dilutions of these samples were separated by SDS-PAGE under reducing conditions on a 12% polyacrylamide gel. Labeled pro-MSP and MSP were also applied to the gel for reference markers. Radioautographs of the dried gel were made to determine the presence of 125 I-pro-MSP cleavage products.
Preparation of macrophage cell membranes. Membranes were prepared by differential centrifugation of cell homogenates (21). Resident peritoneal macrophages were suspended at a concentration of 10 8 cells/ml in 10 mM Tris-HCl buffer, pH 7.4, containing 1 mM EDTA, 0.25 M sucrose, 0.15 M NaCl, and 10 mM MgCl 2 . Cells were disrupted with a tissue homogenizer (Biospec Products, Inc., Bartlesville, OK) and then centrifuged at 12,000 g for 20 min at 4 Њ C. Supernatants were collected and centrifuged at 41,000 g for 60 min at 4 Њ C. The resulting pellets were washed once with 10 mM Na-phosphate buffer, pH 7.4, containing 0.15 M NaCl, 0.5 mM MgCl 2 , and 0.15 mM CaCl 2 ; resuspended in buffer; and frozen at Ϫ 80 Њ C until used for assay.
Cleavage of pro-MSP in vitro. 1-ml volumes of resident or exudate peritoneal macrophages at a concentration of 1-2 ϫ 10 6 cells/ml of serum-free RPMI 1640 medium were incubated in a 24-well plate for 1 h. After washing to remove nonadherent cells, 1.5 pmol of 35 S-pro-MSP was added to each well. The plate was incubated at 37 Њ C, culture fluids were harvested at different time intervals, and cleavage of pro-MSP was assessed as described below. For measuring the effect of serine protease inhibitors on cleavage of pro-MSP, different protease inhibitors were added to adherent macrophages 0.5 h before the addition of 35 S-pro-MSP. The capacity of macrophage cell membranes to cleave pro-MSP was assessed by mixing 20 g of membrane preparation with pro-MSP and incubating for 3 h at 37 Њ C. To determine if macrophage-secreted products cleaved pro-MSP, resident or exudate macrophages were cultured with or without 1 g/ml of LPS for 24 h. Culture fluids were then harvested and tested for their capacity to cleave 35 
S-pro-MSP.
Immunoprecipitation and SDS-PAGE. Immunoprecipitation was as described (6) . Culture fluids were incubated with normal rabbit IgG bound to protein G-Sepharose and then mixed with rabbit anti-MSP IgG coupled to protein G-Sepharose. After equilibration, the Sepharose beads were washed with Tris-HCl buffer and suspended in sample buffer with 2-mercaptoethanol. After 5 min at 100 Њ C, proteins were separated on a 12.5% polyacrylamide gel by SDS-PAGE at 120 V. Gels were treated with Enlightning (New England Nuclear Research Products, Boston, MA), dried at 80 Њ C, and autoradiographed at Ϫ 80 Њ C on film (XAR-5; Eastman Kodak Co., Rochester, NY) with intensifying screens.
Separation of serum macrophage protease inhibitor by gel filtration. Two HPLC gel filtration columns (TSK-4000; Beckman Instruments, Inc.) were connected in series. A 0.2-ml volume of human serum was applied to the column and eluted at a rate of 0.5 ml/min; fraction volumes were 0.5 ml. Assay for protease inhibitor activity is described in the legend for Fig. 6 .
Assay for macrophage shape change. The assay was performed as previously described (4) . Briefly, 1 ϫ 10 6 /ml resident macrophages were incubated in 0.5 ml of serum-free RPMI 1640 medium in 24-well tissue culture plates. Samples to be assayed for MSP activity were added. After incubation at 37 Њ C for 30 min, cells were fixed and stained with Diff-Quik (American Scientific Products, McGaw Park, IL).
Macrophage chemotaxis assay. The assay was performed using a multiwell chamber as previously described (22) . Bottom wells were filled with a 1:100 dilution of LPS-activated mouse serum and then covered with a thin polycarbonate membrane with 5-m holes. Upper wells were filled with a suspension of murine resident peritoneal cells in RPMI 1640 medium together with factors to be assayed. After incubation for 3 h at 37 Њ C, the chamber was disassembled, and cells were wiped away from the upper surface of the membrane. After air drying and staining with Diff-Quik, cells that had migrated and remained adherent to the lower surface of the membrane were counted with an image analyzer. Samples were assayed in duplicate. Results were expressed as the percentage of input macrophages that migrated.
Results
Presence of pro-MSP in the circulation. For the reasons outlined in the Introduction, we predicted that pro-MSP is the form that exists in circulating blood and that pro-MSP is cleaved by enzymes of the coagulation cascade when blood is shed. To test this prediction, we applied three different human sera to immunoaffinity columns that bind either pro-MSP or MSP. Bound proteins were eluted and then separated under reducing conditions by SDS-PAGE. Western blot with a rabbit antibody that detects pro-MSP or MSP showed that these three sera contain pro-MSP, with little or no detectable MSP (Fig. 1) . The results indicate that pro-MSP is the circulating form of this protein. Furthermore, the absence of MSP in serum shows that blood coagulation was not associated with pro-MSP cleavage, in contrast to the pro-MSP convertase activity of several pure coagulation cascade enzymes (17) .
To confirm this, we allowed blood from a human subject to drip directly from venipuncture tubing into tubes containing 125 I-pro-MSP or MSP, with or without heparin or EDTA anticoagulant. After the time required for coagulation, proteins in serum or plasma were separated under reducing conditions by SDS-PAGE. Radioautography of the dried gel showed that neither pro-MSP nor MSP was cleaved in serum or plasma (Fig. 2) .
The finding that pro-MSP, not MSP, exists in serum had to be related to the fact that human serum has MSP activity when tested on resident murine peritoneal macrophages (1) . The possibility that the macrophage can function as a pro-MSP convertase under certain conditions was explored in the experiments described below.
Cleavage of pro-MSP by incubation with mouse peritoneal macrophages. To test whether macrophages are capable of cleaving pro-MSP, 35 S-pro-MSP was incubated with mouse resident peritoneal macrophages. Fig. 3 shows that pro-MSP was cleaved by macrophages in a time-dependent manner. The major bands, representing proteins with molecular masses of 47 and 35 kD, are nonspecific digestion products of pro-MSP. Specific cleavage of pro-MSP to the ␣ր␤ chain heterodimer also occurred, as shown by the ␣ and ␤ chain bands. It thus appeared that resident macrophages could cleave pro-MSP at a minimum of two loci, the predominant activity giving rise to the 47-and 35-kD products. In some experiments, resident macrophages cleaved pro-MSP within 3 h to the point where no radioactive band at the 47-kD position was detected (compare Fig. 5 ). In contrast, pro-MSP was not cleaved by incubation with human blood monocytes (data not shown). Among various other types of leukocytes, pro-MSP cleavage activity was either absent or minimal. Human blood mononuclear cells, comprising monocytes and lymphocytes, did not cleave pro-MSP. When pro-MSP was added to human blood mononuclear cells that had been incubated with endotoxin for 24 h, minimal cleavage was observed. Murine splenic lymphocytes (nonadherent cell fraction) did not cleave pro-MSP, and did not after 24 h of incubation with various stimuli (LPS, TPA, MSP, IL-1, IL-2, IL-4, IL-6, IL-10, TNF-␣ , TGF-␤ , IFN-␥ ). A murine cell line (ANA-1) with many macrophage characteristics did not cleave pro-MSP. Both resident and exudate peritoneal macrophages cleaved pro-MSP in a similar pattern. An experiment to determine if various stimuli increased resident macrophage cleavage activity showed no enhanced cleavage. Human blood neutrophils purified by dextran sedimentation did not cleave pro-MSP (four experiments). The data for this series of negative experiments are not shown. In summary, among blood leukocytes, spleen cells, and peritoneal cells, major proteolytic cleavage of pro-MSP is confined to resident and exudate peritoneal macrophages. Three different human sera were applied to immunoaffinity columns that bind pro-MSP or MSP. Proteins in glycine eluates from the columns were separated under reducing conditions by SDS-PAGE. Transferred proteins were probed with rabbit antibody to the ␣ chain of MSP, which detects either MSP or pro-MSP. Pure MSP and pro-MSP standards were run in the first two lanes. The first lane shows the MSP ␣ chain, which had been freed by the reducing conditions from its disulfide linkage to the ␤ chain. The second lane shows pro-MSP, which migrates as a single ␣ր␤ chain, since it has not been processed by cleavage at the ␣ր␤ chain junction to the disulfide-linked ␣ր␤ chain heterodimer. The three serum lanes all show a pro-MSP band, without a detectable MSP ␣ chain. All sera have an additional band, generated by both immune and preimmune serum (NRS). Effects of serine protease inhibitors on cleavage of pro-MSP. We tested a panel of protease inhibitors for their effects on macrophage-dependent cleavage of pro-MSP. Several members of this panel (Fig. 4, lanes 4, 5, 6 , and 8 ) had no effect on cleavage of pro-MSP by macrophages; the major protein band was the 47-kD nonspecific cleavage product, comparable to lane 9 (no inhibitor). In contrast, when AEBSF or STI was included in the culture of MSP and peritoneal macrophages, nonspecific cleavage was inhibited, and the predominant band represented the ␣ chain of mature MSP (Fig. 4, lanes 3 and 7 ) . Thus, macrophages were capable of cleaving pro-MSP specifically and nonspecifically. AEBSF or STI inhibited nonspecific cleavage, allowing accumulation of the correctly processed two-chain form of MSP.
We reasoned that, if tissue macrophages were in contact with plasma-derived pro-MSP in vivo, plasma-derived protease inhibitors would also be present, and we therefore tested effects of human or mouse serum on cleavage of pro-MSP by resident peritoneal macrophages. Macrophages in serum-free medium cleaved pro-MSP completely; the absence of the mature MSP ␣ chain shows that cleavage was nonspecific (Fig. 5,  lane 2 ) . Lane 3 shows that as little as a 1/1,000 dilution of mouse serum partially inhibited nonspecific cleavage, shown by the MSP ␣ chain band as well as uncleaved pro-MSP. With increasing serum concentrations, cleavage of pro-MSP was increasingly inhibited, as shown by a more intense pro-MSP band and a less intense MSP ␣ chain band (lanes 4-7) .
To estimate the molecular mass of the serum inhibitor, we applied 0.2 ml of human serum to an HPLC gel filtration column. Eluted fractions were assayed for their capacity to inhibit 125 I-pro-MSP cleavage by murine resident peritoneal macrophages. A major peak of inhibitory activity was detected in fractions 43-47 (Fig. 6) , as shown by increased intensity of pro-MSP and ␣ chain bands and a decreased intensity in two of the fastest migrating cleavage product bands. This pattern is consistent with inhibition of nonspecific cleavage, with a resultant increase in the amount of mature MSP, as indicated by increased intensity of the ␣ chain band. Based on its elution position, a rough approximation of the molecular mass of the inhibitor is 40 kD.
Effect of culture fluids from macrophages on cleavage of pro-MSP. We next assessed whether pro-MSP is processed by proteolytic enzymes secreted by macrophages or by enzymes bound to macrophages. Mouse peritoneal or exudate macrophages at a concentration of 10 6 cells/ml were cultured for We also asked if pro-MSP could be cleaved by mature MSP. In this study, 1 nM MSP was mixed with 1.5 nM 35 S-labeled pro-MSP and incubated 60 min at 37ЊC. As shown in Fig. 7 , lane 7, pro-MSP was not cleaved by mature MSP, indicating that autoactivation of pro-MSP by the mature cleavage product did not occur.
Cleavage of pro-MSP by macrophage cell membranes. The above results suggested that macrophage cleavage of pro-MSP and MSP was due to proteolytic enzymes associated with the cell membrane. Therefore, 35 S-labeled pro-MSP was incubated with cell membranes prepared from resident or exudate peritoneal macrophages. Fig. 8 shows that, after a 3-h incubation in the presence of STI or AEBSF, pro-MSP was partially cleaved to the mature ␣ր␤ chain form of MSP by cell membranes from resident or exudate peritoneal macrophages (lanes 4, 5, 7, and 8) . Without protease inhibitors, pro-MSP was cleaved nonspecifically (lanes 3 and 6) . Thus, both nonspecific and specific pro-MSP cleavage enzymes are associated with macrophage cell membranes; nonspecific cleavage is inhibited by STI and AEBSF.
Biological activities of processed pro-MSP. We previously reported that incubation of resident peritoneal macrophages in tissue culture wells with mature MSP caused motile activity, as shown by ruffled membranes and elongated shapes (1). These changes occur within 1 h and can be seen by comparing Fig. 9 , A and C. Although pro-MSP had no effect (Fig. 9 E) , macrophages were stimulated by incubation with pro-MSP plus STI (Fig. 9 F) . Our interpretation of these findings is that pro-MSP alone had no effect because it was nonspecifically cleaved by target macrophages; when nonspecific cleavage was inhibited by STI, macrophages correctly processed pro-MSP to MSP and were stimulated by the product. Similar results were obtained when we tested the capacity of pro-MSP to stimulate resident macrophages to respond to a chemoattractant (endotoxin-activated mouse serum). Fig. 10 shows that pro-MSP alone did not induce cell migration to the chemoattractant. However, pro-MSP in the presence of STI induced macrophage migration, indicating that partial proteolytic cleavage of pro-MSP to MSP by macrophages occurred during the 90-min incubation period.
Discussion
The gene for MSP encodes a protein with a signal peptide sequence that is cleaved in conjuction with pro-MSP secretion (6) . Among tissues surveyed by Northern blot, the liver has the most abundant MSP mRNA (6) . Using a sandwich ELISA that does not distinguish between pro-MSP and MSP, we found nanomolar concentrations of this protein in normal human serum (18) . We therefore postulated that, in analogy to other kringle proteins such as prothrombin and plasminogen, the liver constitutively secretes pro-MSP into the circulating blood. Fig. 1 shows that all the MSP detected in normal human serum is in the form of pro-MSP, the uncleaved ␣ր␤ single protein chain. In view of our report that several pure enzymes of the coagulation cascade cleaved pro-MSP to the disulfidelinked ␣ր␤ chain heterodimer, it was interesting to find that pro-MSP remained uncleaved when blood was shed, even without the addition of protease inhibitors. This suggests that the functional specificity of the coagulation cascade enzymes in vivo relates to affinity for substrate and transience of enzyme activity because of serum inhibitors.
A list of proteases with trypsin-type specificity that we have tested for pro-MSP convertase activity is shown in Table I . Except for the coagulation cascade enzymes and tissue kallikreins, these proteases either did not cleave or cleaved to inactive fragments. Since the coagulation system did not act as a pro-MSP convertase, the enzymes that could specifically cleave pro-MSP to biologically active MSP remained to be discovered.
We have now shown that resident murine peritoneal macrophages, one of the target cells for MSP, have enzymatic activities that proteolytically cleave pro-MSP. It is well known that mononuclear phagocytes produce many different proteolytic enzymes (23, 24) , with a wide range of characteristics. They may be intracellular, bound on the external side of the plasma membrane, or secreted (25) . Production may be restricted to a particular maturational stage of the cell (26) , and it may be constitutive (26) or dependent on an inflammatory stimulus (27, 28) . Macrophage proteases that cleave pro-MSP Figure 9 . Induction of macrophage shape change by pro-MSP in the presence of STI. Culture conditions were as described for Fig. 3 are produced constitutively. They are membrane associated, and no activity was found in culture fluids of unstimulated or LPS-stimulated resident or exudate peritoneal macrophages. It appears that they are expressed relatively late in mononuclear phagocyte maturation, since human blood monocytes did not cleave pro-MSP. This was the expected result, inasmuch as plasma or serum contained pro-MSP without detectable MSP.
In contrast to many cytokines, which are synthesized and secreted as active proteins in response to inflammatory stimuli, typical members of the kringle protein family are secreted constitutively as biologically inactive zymogens. An additional measure of control is achieved if the convertase enzymes are localized on cell membranes instead of being widely distributed in extracellular fluid. For example, cleavage and activation of plasminogen by urokinase-type plasminogen activator (uPA) is greatly accelerated when uPA is cell bound (29) . An example with a functional analogy to the specific and nonspecific pro-MSP cleavage activities is another pair of proteolytic enzymes that are constitutively expressed on resident murine peritoneal macrophage cell membranes. One of the enzymatic activities is a prothrombinase that cleaves and activates prothrombin, which is also in the kringle protein family (30) . The other enzyme cleaves and inactivates thrombin (31); its activity is decreased in inflammatory macrophages. Thus, the enzyme pair may regulate coagulant activity at sites of inflammation.
The effects of STI on enzymatic cleavage of pro-MSP by macrophages are reflected in the bioassays shown in Figs. 9 and 10. Addition of pro-MSP to macrophages without protease inhibitors did not result in MSP biological activity but did when nonspecific cleavage was inhibited by including STI in the assay medium. In contrast to these data, which show that pure pro-MSP did not induce macrophage chemotactic responsiveness unless STI was added, human serum without added protease inhibitors had MSP activity in the same bioassay (1) . Since our present work shows that human serum contains pro-MSP without MSP (Fig. 1) , we postulated that the MSP activity of human serum is due to specific proteolytic cleavage of pro-MSP by the target macrophages, associated with inhibition of nonspecific enzyme activity by serum factors. Fig. 5 shows that serum can inhibit both specific and nonspecific cleavage of pro-MSP by macrophages and that there is a concentration range over which inhibition of nonspecific cleavage allows formation of mature MSP. Likewise, the HPLC gel filtration serum inhibitor peak allowed increased generation of mature MSP (as shown by the increased MSP ␣ chain in Fig. 6 ).
Like many of its relatives in the coagulation and fibrinolytic systems, the cleavage site in pro-MSP that gives rise to ␣ and ␤ chains is Arg, bonded to an aliphatic amino acid. This scissile bond is a target for serine proteases with trypsin-type specificity, the substrates for which have a Lys or Arg that occupies the active site of the enzyme. Like the coagulation enzymes and tissue kallikreins with pro-MSP convertase activity (17, 32) , the macrophage enzyme that specifically cleaves pro-MSP is expected to be a trypsin-type serine protease. Although the nonspecific cleavage site in pro-MSP is unknown, it may well be a target for a trypsin-type serine protease, since nonspecific cleavage is inhibited by STI, the inhibitory center of which is Arg-isoleucine. Approximately 10%, by weight, of all plasma protein is accounted for by protease inhibitors, which reflects their importance in regulation of plasma enzymatic cascades such as coagulation, fibrinolysis, and complement activation. Two superfamilies of plasma serine protease inhibitors have been described, the serpins and the Kunitztype protease inhibitors (33) . Several members of these superfamilies failed to inhibit macrophage cleavage of pro-MSP (data not shown). These included ␣ 1 -antitrypsin, C1-inhibitor, and anti-thrombin III in the serpin family, and pancreatic trypsin inhibitor (aprotinin) in the Kunitz-type inhibitor family. ␣ 2 -Macroglobulin also did not inhibit. Another plasma inhibitor in the Kunitz family is inter-␣-trypsin inhibitor (I␣TI), a multichain protein with a high molecular mass. In addition to the multichain I␣TI, the 30-kD free light chain of I␣TI (33, 34) is also present in serum (synonyms are ITI-LC, bikunin, HI-30). In view of its estimated molecular mass of 40 kD, it will be of interest to determine if the serum inhibitor of macrophage pro-MSP cleavage is I␣TI light chain.
Expression of MSP biological activity in tissue sites must begin with proteolytic conversion of pro-MSP to MSP. Our data suggest that macrophage pro-MSP proteases and serum protease inhibitors are part of a pro-MSP/MSP control system. At sites of inflammation or injury with increased vascular permeability, pro-MSP may diffuse from the circulation into tissues where a macrophage convertase can cleave pro-MSP to biologically active MSP. MSP may then act on two of its target cells, macrophages and keratinocytes (35) , which are important in wound healing. Precise control of MSP biological activity may be mediated by a macrophage-bound specific pro-MSP convertase that cleaves pro-MSP to mature MSP, by other macrophage-bound enzymes that degrade either pro-MSP or MSP, and by at least one serum inhibitor of macrophage pro-MSP cleavage. The final concentration of mature MSP at tissue sites will probably depend on a number of factors, including the maturational stage of the target cell (no pro-MSP convertase activity on monocytes) and local concentrations of serum-derived inhibitors of different cell membrane proteases.
